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Abstract: Seismic wave interaction with a slippery rock joint with an arbitrary impinging angle is analytically studied based 
on the conservation of momentum on the wave fronts. Based on the displacement discontinuity method, the wave propagation 
equations are derived for incident P- and S-waves. By comparison, the calculated transmission and reflection coefficients for 
normal incident waves are the same as the existing results, which proves the wave propagation equation obtained in the paper 
is correct. The wave propagation derived in the context can be applied to incident waves with different waveforms. Stochastic 
seismic waves are then used to analyze the seismic wave interaction with the slippery rock joint, where the stochastic seismic 
waves are generated from frequency spectra. The parametric studies are carried out to investigate the effect of type, intensity 
and impinging angle of the incident seismic waves on the wave propagation across the slippery rock joint. 
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1  Introduction 
 
Earthquakes may be stemmed from tectonic 
movement, volcanic activity or collapse of sub- 
terranean cavities with correspondingly high energy 
release. Propagating in the form of seismic waves in all 
directions, the earthquakes eventually reach the ground 
surface after multiple reflections and refractions 
among the discontinuities in the rock mass and upper 
mantle. As discontinuity are very common in rock 
mass, the destructiveness of an earthquake is 
determined by the magnitude of the discontinuities, the 
strength of the rock material and the relative 
displacement of the discontinuities. Therefore, 
studying the interaction of seismic waves with the 
discontinuities, generally the rock joints, is of practical 
importance in engineering. 
According to the impinging angle, the interaction 
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between seismic waves and rock joints may be normal 
or oblique, which causes the rock joints to open, close 
or slip. The effect of joints on seismic wave 
propagation is also important and has been paid more 
attentions [1–4]. The study by Byerlee [5] showed that 
the stick-slip behavior of a large-scale discontinuity 
involving the accumulation of shear strain and 
resultant slip failure would cause severe earthquake. 
The shear strength of a smooth joint was usually 
described by a normal effective stress and a friction 
angle [6, 7], and the basic friction angle varied in the 
range of 25–35 for many rock joints. Available shear 
strength models include the linear friction models, the 
bi-linear shear strength model, the JRC-JCS empirical 
shear strength model [6], and the JRC-JMC model [7]. 
Except surface waves, there are two types of seismic 
waves propagating in rock mass, one is the 
longitudinal wave (P-wave) and the other is the shear 
wave (S-wave). The studies for the wave propagation 
normally across rock joints have been carried out by 
many researchers. For example, Miller [8, 9] and Zhao 
et al. [10] investigated the normal S-wave propagation 
across a single or a set of parallel rock joints with slip 
behavior, respectively, and the normal P-wave 
propagation across rock joints was analyzed when the 
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joints had different normal behaviors [11–13]. Based 
on the Snell’s law, the interaction between an obliquely 
incident wave and a welded interface of two media was 
first analyzed by Kolsky et al. [14, 15]. The natural 
joints largely appear in fact non-welded, large in extent 
with void spaces and asperities of contact [16–18]. 
Schoenberg [19] used the displacement discontinuity 
method to analyze the harmonic wave propagation 
with an arbitrary angle across a linear slippery 
interface. Close-form solutions in a matrix form for a 
normal harmonic incident wave with a linear joint 
were obtained subsequently by Pyrak-Nolte et al. [1, 3, 
4]. The interaction between blast-induced waves and a 
linear rock joint was analytically derived by Li and Ma 
[13], who used the conservation of momentum at the 
wave fronts to establish the wave propagation equation 
for oblique incident waves with arbitrary waveforms. 
A new understanding of the seismic waves 
interacting with a single rock joint with slippery 
behavior is presented in the paper. Based on the 
conservation of momentum at the wave fronts, the 
interaction for normal and shear stresses at the wave 
fronts with a rock joint is analyzed. As a further study 
of the wave propagation across a rock joint [13, 20–22], 
using the displacement discontinuity method and the 
Coulomb-slip model for the shear property of the rock 
joint, the wave propagation equations for incident P- 
and S-waves impinging the joint with an arbitrary 
incident angle are derived. The wave propagation 
equation is then verified by comparing with the 
existing results. For a generality, stochastic seismic 
waves are generated and used to carry out the 
parametric studies, i.e. the incident angle, the intensity, 
and the type of the incident wave on the seismic wave 
propagation in rock mass. 
 
2  Problem formulation 
 
Underground propagation of seismic wave can be 
considered as a plane wave including longitudinal and 
shear waves (P- and S-waves). When a P- or S-wave 
impinges on an interface of two solid media, both 
reflection and transmission take place [4, 15]. In most 
cases ( c0    , c0    ), four separate waves 
are generated, i.e. reflected P- and S-waves and 
refracted P- and S-waves, where   and   are the 
angles for the incident P- and S-waves, respectively, 
and c  and c  are the critical angles of the incident 
P- and S-waves, respectively. Compared with the 
wavelength, the thickness of the discontinuity is very 
small and can be ignored.  
For the present problem, the two half-spaces of the 
rock media beside the joint are identical and 
considered to be ideally elastic intact media. According 
to the Snell’s law, the reflection and transmission 
emergence angles must be equal to the incident angles 
for both P- and S-waves. In Fig.1(a), PI  is the 
incident P-wave, PR  and SR  are reflected P- and 
S-waves, and PT  and ST  are transmitted P- and 
S-waves, the symbols “–” and “+” represent the left 
and right sides of the joint, respectively. The 
propagation direction of the incident P-wave is 
considered to be in the xz plane and the joint sides to 
be the xy plane. Similarly, in Fig.1(b), SI  is the 
incident S-wave and the others are the same as those in 
Fig.1(a).  
 
 
 
 
 
 
   
(a) Incident P-wave. 
 
 
 
 
 
  
(b) Incident S-wave. 
Fig.1 Schemes of incident, reflected and transmitted waves on a 
rock joint. 
 
2.1 Stresses and particle velocities for rock joint 
(incident P-wave) 
  For a thin beam with an incident P-wave impinging 
on the left side of a joint, there is a small element ABC 
composed of lines AB, AC and BC, which are the left 
side of the joint, the wave front, and the side, 
respectively, as shown in Fig.2(a). There are also some 
other small elements on the sides of the joint, which 
are formed by the transmitted and reflected P- and  
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(a) Incident P-wave. 
 
 
 
 
 
 
 
      
 
 
(b) Reflected P-wave. 
 
  
 
 
 
 
 
 
 
 
 
(c) Reflected S-wave. 
 
  
 
 
 
 
 
 
 
 
 
(d) Transmitted P-wave. 
   
 
 
 
 
 
 
 
 
 
(e) Transmitted S-wave. 
Fig.2 Stresses on waves and a rock joint (incident P-wave). 
 
S-waves and the wave sides. In Figs.2(b)–(e), lines BD 
and BE are the wave fronts of the reflected P- and 
S-waves, lines BF and BG are the wave fronts of the 
transmitted P- and S-waves, respectively. Since the 
present two-dimensional problem can be considered a 
plane strain problem, the stress on the line BC is 
IP1
  , where IP  is the normal stress of the 
incident P-wave on its wave front, and   is the 
Poisson’s ratio. Without considering the body force, 
from equilibrium, the stresses on the element ABC 
must satisfy: 
2 2
1 IP IPcos sin 01
        
(in z-direction)       (1) 
1 IP IPsin cos cos sin 01
          
(in x-direction)       (2) 
where 1  and 1  are the stresses on the left side of 
the joint for element ABC. From the Snell’s law, there 
is  
S
P
sin 1 2
sin 2(1 )
c
c
 
 
                         (3) 
where Pc  and Sc  are the P- and S-wave propagation 
velocities in the intact medium, respectively. From 
Eq.(3), Eqs.(1) and (2) can be written as 
1 IP
1 IP
cos(2 )
sin(2 ) tan / tan
  
    
  
                 (4) 
Similarly, the stresses on the two sides of the rock 
joint for the elements ABD, ABE, ABF and ABG in 
Figs.2(b)–(e) can be expressed as 
2 RP
2 RP
cos(2 )
sin(2 ) tan / tan
  
    
   
             (5) 
3 RS
3 RS
sin(2 )
cos(2 )
  
  
    
                        (6) 
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4 TP
4 TP
cos(2 )
sin(2 )tan / tan
  
    
  
                 (7) 
5 TS
5 TS
sin(2 )
cos(2 )
  
  
   
                        (8) 
To simplify the problem, the compressive stress is 
defined to be positive in the present study. According 
to the conservation of momentum at the wave fronts, 
there are IP P IPz v  , RP P RPz v  , RS S RSz v  , 
TP P TPz v   and TS S TSz v   , where IPv , RPv  and 
TPv  are the particle velocities of the incident, reflected 
and transmitted P-waves, respectively; RSv  and TSv  
are the particle velocities of the reflected and 
transmitted S-waves, respectively. Defining P Pz c  
and S Sz c , where   is the density of the rock 
medium, the stresses on the left side of the joint can be 
expressed as 
1 2 3 P IP RP S RScos(2 )( ) sin(2 )z v v z v           
                                          (9) 
1 2 3 P IP RP( )sin(2 ) tan / tanz v v              
S RScos(2 )z v                             (10) 
The stresses on the right side of the joint are: 
4 5 P TP S TScos(2 ) sin(2 )z v z v             (11) 
4 5 P TP S TSsin(2 ) tan / tan cos(2 )z v z v          
                             (12) 
From Fig.1(a), the normal and tangential 
components of the velocities, nv  and v , on the left 
side of the joint can be expressed as, respectively: 
n IP RP RScos ( ) sinv v v v                     (13) 
IP RP RSsin ( ) cosv v v v                      (14) 
The normal and tangential components of the 
velocities, nv  and v , on the right side of the joint 
are 
n TP TScos sinv v v                          (15) 
TP TSsin cosv v v                           (16) 
2.2 Stresses and particle velocities for rock joint 
sides (incident S-wave) 
Similarly, for an incident S-wave beam shown in 
Fig.1(b), the stresses 1  and 1  can be expressed as  
1 IS
1 IS
sin(2 )
cos(2 )
  
  
   
                         (17) 
where IS  is the shear stress of the incident S-wave at 
its wave front, as shown in Fig.3. The stresses on the 
other small elements composed of the joint surface and 
waves are the same as those in Figs.2(b)–(e), that is, the 
other stresses on the two sides of the joint are the same as 
Eqs.(5)–(8). According to conservation of momentum at 
the wave fronts, there are IS S ISz v   , RP P RPz v  , 
RS S RSz v  , TP P TPz v   and TS S TSz v   , where ISv  
 
 
 
 
 
 
 
 
 
 
Fig.3 Stresses on an incident S-wave and a rock joint. 
 
is the particle velocity of the incident S-wave. Hence, 
the stresses on the left side of the joint can be 
expressed as 
1 2 3 S IS RS P RPsin(2 )( ) cos(2 )z v v z v                     
(18) 
1 2 3 S IS RScos(2 )( )z v v              
  P RP sin(2 ) tan / tanz v                     (19) 
  The stresses on the right side of the interface are the 
same as Eqs.(11) and (12). The normal and tangential 
components of velocities on the left side of the joint in 
Fig.3 should satisfy, respectively: 
n IS RP RSsin cos sinv v v v                   (20) 
IS RP RScos sin cosv v v v                   (21) 
  The normal and tangential components of the 
velocities on the right side of the joint in Fig.1(b) have 
the same mathematical expressions as Eqs.(15) and 
(16). 
2.3 Wave propagation equation across a single slip 
rock joint 
For the rock joint shown in Fig.4, there are two 
portions included in the Coulomb-slip model: a linear 
deformational portion and a slip portion. When the 
hysteretic loop with offset [23] for the shear of natural 
joints is neglected, the Coulomb-slip model is assumed 
to have the same shear resistance in both directions in 
the context. If the shear stress on the joint is smaller 
than S , the joint has a linear deformation with a slope 
of Sk . If the shear stress on the discontinuity reaches 
S , the two sides of the joint experience relative 
sliding. Meanwhile, the stresses and displacements for 
two sides of the joint satisfy the displacement- 
discontinuity boundary condition. So, there are 
  
  
 
 
    
                             (22) 
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(a) A rock joint. 
  
(b) Illustration of Coulomb-slip model. 
Fig.4 Schematic diagram of a rock joint with normal linear 
elasticity and shear Coulomb-slip. 
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 
 
     
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n n
n S
S
     (| | )
tan
u u
k u u

   
         
             (23b) 
where nu  and nu  are the normal displacements on 
the left and right sides, respectively; u and u  are 
the shear displacements on the left and right sides, 
respectively;   is the friction angle of the joint; the 
symbol “  ” represents both sliding direction of the 
two sides;   is the normal stress on the interfaces, 
which is composed of static normal stress 0  and 
dynamic normal stress d , i.e. 0 d    , where 
0  is the initial stress on the rock joint and d  is the 
stress from Eqs.(9) and (18) for P- and S-waves, 
respectively. The shear strength S  is composed of 
two portions, one is the static shear strength S0  and 
S0 0 tan   , and the other is the dynamic shear 
strength caused by dynamic stress d . S  can also be 
expressed as S S0 d tan     . When an incident P- 
or S-wave impinges the joint in Fig.4, the relative 
displacement of the rock joint possibly appears two 
phases, i.e. S| |u u   and S| |u u   for each type of 
incidence. The wave propagation across the rock joint 
will be analyzed as follows according to the two 
phases for incident P- and S-waves, respectively. 
2.3.1 Incident P-wave  
(1) When S| |u u   
If Eq.(23a) is differential to time t, there is 
1
n( ) n( )
n n
1
( ) ( )
S S
1 1
1 1
i i
i i
i i
i i
v v
k t k t
v v
k t k t 
 
 
 
 
            
            (24) 
Equation (22) can be rewritten from Eqs.(9)–(12) 
and expressed in a matrix form: 
RP( ) TP( )1 1
IP( )
RS( ) TS( )
i i
i
i i
v v
v
v v
                  
B A B C            (25) 
For a very small time interval ∆t, substituting 
Eqs.(9)–(16) into Eq.(24), there is 
TP( 1) RP( ) TP( )1 1 1
IP( )
TS( 1) RS( ) TS( )
i i i
i
i i i
v v v
v
v v v
   

                           
G D G E G F    
(26) 
where  
P cos(2 )
       
z 

      
A                          (27a) 
P S
S
cos(2 ) sin(2 )
cos(2 )
z z
z
 
 
     
B              (27b) 
P S
S
cos(2 )    sin(2 )
cos(2 )
z z
z
 
 
    
C              (27c) 
n
S
cos
sin
k t
k t


      
D                          (27d) 
n n
S S
cos sin
sin cos
k t k t
k t k t
 
 
       
E              (27e) 
n P n S
S n S
cos cos(2 )  sin sin(2 )
sin                    cos cos(2 ) 
k t z k t z
k t k t z
   
   
              
F
                                     (27f) 
P S
S
cos(2 ) sin(2 )
cos(2 )
z z
z
 
 
    
G              (27g) 
P sin(2 )tan / tanz                    (27h) 
(2) When S| |u u   
In this case, a relative slip occurs on the two sides of 
the joint, and the normal and shear stresses on the joint 
should satisfy Eq.(23b). When Eq.(23b) is differential 
to time t, considering Eqs.(9)–(16), Eqs.(22) can be 
expressed as the same form as Eq.(25) with the 
parameters A to C in Eqs.(27a)–(27c), while Eq.(23b) 
uτ 
τS 
kS, τS 
Joint 
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-           + 
Joint 
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is rewritten as  
TP( 1) RP( )1 1
IP( )
TS( 1) RS( )
i i
i
i i
v v
v
v v
  

                 
G D G E   
TP( )1 1
S0
TS( )
i
i
v
v
       
G F G H                      (28) 
where  
n cos
0
k t       
D                          (29a) 
n ncos sin
0 0
k t k t       E              (29b) 
P n S ncos(2 ) cos sin(2 ) sin
0 0
z k t z k t          F   
   (29c) 
T
P P
S S S
cos(2 )          cos(2 ) tan         
sin(2 )    cos(2 ) sin(2 ) tan
z z
z z z
   
   
     


G  
(29d) 
0
1
      
H                               (29e) 
From the above analysis of an incident P-wave, the 
wave propagation across a rock joint with Coulomb- 
slip behavior is derived and shown from Eqs.(25) to 
(27) before slip and Eqs.(28) and (29) when the slip 
occurs. 
2.3.2 Incident S-wave 
Similarly, when S| |u u  , the wave propagation 
equation for an incident S-wave across a rock joint can 
also be derived and expressed as the same forms of 
Eqs.(25) and (26) with IP( )iv  replaced by IS( )iv , where 
A and D can be written as 
S
S
n
S
sin(2 )
cos(2 )
sin
cos
z
z
k t
k t




              
A
D
                        (30) 
and the other parameters, B, C, E, F and G are the 
same as those in Eq.(27).  
When S| |u u  , the wave propagation equations are 
expressed as the same matrix forms of Eqs.(25) and (28) 
with IP( )iv  replaced by IS( )iv , where parameter A is 
shown in Eq.(30), B and C are the same as those in 
Eqs.(27b) and (27c), but Tn{ sin ,   0}k t  D , and the 
other parameters, E to H, are those in Eqs.(29a)–(29e). 
In this section, the wave propagation equations for 
the incident P- and S-waves are derived separately. 
When the incident wave and the initial condition are 
known, the transmitted wave and the reflected wave 
can be numerically analyzed and calculated. To 
analyze the wave attenuation and dispersion across a 
rock joint, the transmission coefficients, TPc and TSc, 
and the reflection coefficients, RPc and RSc, for P- and 
S-waves are defined as 
T
c
I
R
c
I
max | |
max | |
max | |
max | |
k
k
k
k
k
k
vT
v
vR
v
  
                          (31) 
where k = P, S are for P- and S-waves, respectively. 
2.4 Verification 
If an incident P- or S-wave normally impinges a 
rock joint, i.e.  = 0 and  = 0, the relation among 
the five waves can be derived from Eqs.(24)–(30) for 
an incident P-waves, respectively: 
n
TP( 1) IP( ) TP( ) TP( )
P
IP( ) RP( ) TP( ) RS( ) TS( )
2 ( )
, 0
i i i i
i i i i i
k tv v v v
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v v v v v
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S
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S
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/                                   ( )
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i i i i
i
i i i i i
k tv v v v u u
z
v z u u
v v v v v



           
   (33) 
  The wave propagation equations for normal incident 
P- and S-waves are described in Eqs.(32) and (33), 
respectively. Assuming the joint is completely elastic 
and defining its normalized normal and shear 
stiffnesses as n n P/ ( )K k z   and S S S/ ( )K k z  , 
respectively, where   is the frequency of an incident 
harmonic wave, the transmitted and reflected waves 
can be numerically obtained from Eqs.(32) and (33). 
Using Eq.(31), the transmission and reflection 
coefficients, PcT  and PcR , can be calculated, as 
shown in Fig.5(a) for an incident P-wave and Fig.5(b) 
for an incident S-wave. By comparison, it can be seen 
from Fig.5 that the results from Eqs.(32) and (33) are  
 
 
(a) Normal incident P-wave. 
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(b) Normal incident S-wave. 
Fig.5 Verification of the analytical results. 
 
almost identical to those calculated from the close- 
form solutions for normal incident waves [3] with 
varying normalized stiffness of fractures. 
 
3  Stochastic seismic wave generation 
 
Because of the complex geophysical property of 
rock mass, seismic wave propagation in rock mass 
varies in time and space. The common method to study 
the earthquake motion is to make use of some typically 
actual ground motions. For the generalized seismic 
waves with a wide range of frequencies, stochastic 
seismic waves should be used to estimate their 
interactions with jointed rock mass. The stochastic 
technique has been employed to simulate ground 
motions [24–26], where the stochastic characteristics 
include the tempo-spatial variables. 
In this context, if only the time variability is 
considered, a stochastic seismic wave is generated as 
an incident wave to propagate across a rock joint with 
a normal stiffness nk  and shear Coulomb-slip 
behavior, as shown in Fig.4. In order to obtain a 
stochastic seismic wave, an elastic response spectrum 
for a site is utilized to generate an acceleration record, 
the response of which closely matches the original 
target spectrum in the period range of interest.  
Stochastic seismic waves involve synthesizing 
ground motion time-series ( )v t , which can be written 
with an intensity function [27]: 
1
( ) sin(2π )
M
n n n
n
v t A f t 

                   (34) 
where nA  denotes the amplitude of the component 
wave in the n-th frequency; nf  is the n-th re- 
presentative frequency; M is a sufficiently large 
number; n  is a random initial phase angle and 
equally distributed in the range of (0,  2π) . The 
intensity function is to modulate each signal with a 
certain envelop shape.  
The stochastic seismic waves are synthesized from 
the velocity response spectra [28], as shown in Fig.6, 
where T  is the natural period and S  is the pseudo 
relative velocity. For a given vS  and nT  in Fig.6, 
and with 1n nT f , the amplitude nA  in Eq.(34) can 
be calculated with a series of random initial phase 
angles n . Hence, the optional synthetic seismic wave 
( )v t  can be obtained from Eq.(34). Figure 7 shows the 
two stochastic seismic waves with maximum values of 
vmaxS  of 0.15 and 0.3 m/s, respectively. The other 
values of vS  and nT  for the four points a, b, c and d 
in Fig.6 are presented in Table 1. 
 
 
 
 
 
 
 
 
 
Fig.6 Velocity response spectrum. 
 
 
 
(a) vmaxS = 0.15 m/s.  
 
 
(b) vmaxS = 0.3 m/s. 
Fig.7 Stochastic seismic waves. 
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Table 1 vS  and nT  for the velocity response spectrum shown 
in Fig.6. 
Point v
S (m/s) 
nT (s) 
No.1 No.2 
a 0.02 0.02 0.02 
b 0.15 0.30 0.50 
c 0.15 0.30 2.50 
d 0.12 0.24 3.50 
 
4  Stochastic seismic wave propagation 
 
In the following calculations, it is assumed that the 
rock density   is 2 650 kg/m3, the P- and S-wave 
velocities are 5 830 and 2 950 m/s, respectively, the 
normal and shear stiffnesses of rock joint, nk  and Sk , 
are 1.0 and 0.5 GPa/m, and the static shear stress S0  
and frictional angle   of the joint are 0.3 MPa and 
30, respectively. The stochastic seismic waves 
obtained in Section 3 will be used as the incident P- 
and S-waves, respectively.  
The interaction between the seismic waves and the 
rock joint with the property shown in Fig.4 is analyzed, 
when the incident seismic waves have different 
impinging angles. From Eqs.(25), (26) and (28), the 
analytical study for the wave propagation across the 
rock joint is carried out. Figure 8 shows the calculated 
results for vmaxS = 0.15 m/s, where Figs.8(a) and (b) 
are for the incident S-wave with impinging angles of 
0 and 10, and Figs.8(c) and (d) are for the incident 
P-wave with impinging angles 0 and 45, respectively. 
It can be observed from both Figs.8(a) and (b) that the 
relative slip occurs for a rock joint with the seismic 
S-wave. By comparing the two figures, i.e. Figs.8(a) 
and (b), with different impinging angles, it is also 
found that the relative slip occurs more easily for 
normal incidence than that for oblique incidence. 
When the value of the normal transmitted wave is 
around 0.037 m/s, there is the relative slip of the joint, 
while the value of the oblique transmitted S-wave 
 
  
(a) Seismic S-wave ( = 0). 
 
(b) Seismic S-wave ( = 10). 
 
(c) Seismic P-wave ( = 0) 
 
(d) Seismic P-wave ( = 45). 
Fig.8 Stochastic seismic wave propagation across a rock joint 
( vmaxS = 0.15 m/s). 
 
is around 0.05 m/s. Figs.8(c) and (d) show that the 
incident P-waves almost propagate through the joint 
and the values of the reflected waves are very small, 
although the seismic waves have different impinging 
directions. 
The effect of the intensity of the incident wave on 
the wave propagation across the rock joint is also 
analyzed. For example, when vmaxS  0.3 m/s, the 
transmitted and reflected waves for the normal and 
oblique incident S-waves are calculated and shown in 
Fig.9. The similar conclusion can also be obtained that  
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(a)  = 0. 
 
(b)  = 10. 
Fig.9 Stochastic seismic S-wave propagation across a rock joint 
( vmaxS  0.3 m/s). 
 
it is easier for the normal seismic S-wave than the 
oblique case to cause the relative slippery phenomena 
of the rock joint. It is because the oblique incident 
S-wave causes the compressive normal stress on the 
joint and makes the shear strength S  higher than that 
of the normal incident case. It can be observed from 
Figs.8(a) and 9(a) that the maximum amplitude values 
of the transmitted S-waves are the same and around 
0.037 m/s, although the normal incident waves have 
different intensities. However, when the incident 
S-wave obliquely impinges the rock joint, the 
maximum amplitude value of the transmitted wave 
shown in Fig.8(b) is a little smaller than that in 
Fig.9(b). The reason to cause the discrepancy is the 
different shear strengths S  of the rock joint for 
different loading intensities.  
Using the Fourier transform, the dominant frequency 
of the transmitted waves can be obtained. For the 
transmitted S-waves shown in Fig.9, the corresponding 
amplitude spectra are illustrated in Fig.10, which 
includes the results for the impinging angle  = 0 and 
 = 10. In order to study the effect of impinging 
angles, the amplitude spectrum for the transmitted  
 
Fig.10 Amplitude spectra for the transmitted S-waves 
( vmaxS  0.3 m/s). 
 
S-wave with  = 20 is also calculated and plotted in 
Fig.10. It can be seen from Fig.10 that the values of the 
amplitude spectra for oblique incident waves are 
bigger than those of the normal incident wave. In the 
frequency domain of Fig.10, the dominant frequencies 
for oblique wave propagation occur in the lower 
frequencies than those of the normal wave propagation, 
that is, the dominant frequency for  = 20 is around 4 
Hz, while the dominant frequency for  = 0 ranges 
from 4 to 11 Hz. 
 
5  Conclusions 
 
Based on the conservation of momentum, the 
interaction between seismic waves with arbitrary 
impinging angles and a rock joint with slippery 
behavior is analyzed. The wave propagation equations 
for longitudinal and shear waves across the joint are 
deduced. Stochastic seismic waves are adopted to 
analyze the effect of the type, intensity and impinging 
angle of the incident wave on the wave propagation. 
According to the above analyses, the following 
conclusions can be obtained: 
(1) The proposed wave propagation equation is 
verified to be approximate to study the interaction 
between seismic waves with a slippery rock joint. The 
derived wave propagation equation is validated and 
can be directly applied to any complicated waveform.  
(2) For different types of incident waves, the wave 
propagations are different. If the incident seismic wave 
is a P-wave, the wave is almost transmitted across the 
rock joint without changing the waveform. If the 
incident seismic wave is an S-wave, the transmitted 
wave is obviously affected by the relative slip of the 
rock joint.  
(3) The parametric study of the intensity of the 
incident normal S-waves shows that the peak values of 
 = 0 
 = 10 
 = 20 
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the transmitted wave are not affected by the rock joint, 
while the reflected wave varies with different 
intensities. A higher intensity of the incidence causes a 
bigger peak value of the reflected wave. 
(4) It can be also concluded that the wave 
propagation is affected by the impinging angle. For a 
given incidence, the occurrence for the relative slip of 
the joint is related to the impinging angle, which also 
affects the dominant frequency of the transmitted 
wave. 
 
References 
 
[1] Pyrak-Nolte L J, Myer L R, Cook N G W. Anisotropy in seismic 
velocities and amplitudes from multiple parallel fractures. Journal of 
Geophysical Research, 1990, 95 (7): 11 345–11 358. 
[2] Pyrak-Nolte L J. Seismic response of fractures and the interrelations 
among fractures. International Journal of Rock Mechanics and Mining 
Sciences, 1996, 33 (8): 787–802. 
[3] Cook N G W. Natural joint in rock: mechanical, hydraulic and seismic 
behaviour and properties under normal stress. International Journal of 
Rock Mechanics and Mining Sciences and Geomechanics Abstracts, 
1992, 29 (3): 198–223. 
[4] Gu B L, Suárez-Rivera R, Nihei K T, et al. Incidence of plane wave 
upon a fracture. Journal of Geophysical Research, 1996, 101 (11):   
25 337–25 346. 
[5] Byerlee J D, Brace W F. Stick slip, stable sliding, and earthquakes— 
effect of rock type, pressure, strain rate, and stiffness. Journal of 
Geophysical Research, 1968, 73 (18): 6 031–6 037. 
[6] Barton N. The shear strength of rock and rock joints. International 
Journal of Rock Mechanics and Mining Sciences and Geomechanics 
Abstracts, 1976, 13 (9): 255–279. 
[7] Zhao J. Joint surface matching and shear strength, part A: joint 
matching coefficient (JMC). International Journal of Rock Mechanics 
and Mining Sciences, 1997, 34 (2): 173–178. 
[8] Miller R K. The effects of boundary friction on the propagation of 
elastic waves. Bulletin of the Seismological Society of America, 1978, 
68 (4): 987–98. 
[9] Miller R K. An approximate method of analysis of the transmission of 
elastic waves through a frictional boundary. Journal of Applied 
Mechanics (ASME), 1997, 44 (4): 652–656. 
[10] Zhao X B, Zhao J, Hefny A M, et al. Normal transmission of S-wave  
across parallel fractures with Coulomb-slip behavior. Journal of 
Engineering Mechanics, 2006, 132 (6): 641–650. 
[11] Zhao J, Cai J G. Transmission of elastic P-waves across single fracture 
with a nonlinear normal deformational behaviour. Rock Mechanics and 
Rock Engineering, 2001, 34 (1): 3–22. 
[12] Zhao J, Zhao X B, Cai J G. A further study of P-wave attenuation  
across parallel fractures with linear deformational behaviour. 
International Journal of Rock Mechanics and Mining Sciences, 2006, 
43 (5): 776–788. 
[13] Li J C, Ma G W. Experimental study of stress wave propagation across 
a filled rock joint. International Journal of Rock Mechanics and Mining 
Sciences, 2009, 46 (3): 471–478. 
[14] Kolsky H. Stress waves in solids. Oxford: Clarendon Press, 1953. 
[15] Johnson W. Impact strength of materials. London: Edward Arnold 
Publishers, 1972. 
[16] Gentier S, Billaux D, van Vliet L. Laboratory testing of the voids of a 
fracture. Rock Mechanics and Rock Engineering, 1989, 22 (2): 149– 
157. 
[17] Hakami E, Barton N. Aperture measurements and flow experiments 
using transparent replicas of rock joints. In: Rock Joints. Rotterdam: A. 
A. Balkema, 1990: 383–390. 
[18] Pyrak-Nolte L J, Morris J P. Single fractures under normal stress: the 
relation between fracture specific stiffness and fluid flow. International 
Journal of Rock Mechanics and Mining Sciences, 2000, 37 (1/2): 245– 
262. 
[19] Schoenberg M. Elastic wave behavior across linear slip interfaces. 
Journal of Acoustical Society of America, 1980, 68 (5): 1 516–1 521. 
[20] Li J, Ma G. Analysis of blast wave interaction with a rock joint. Rock 
Mechanics and Rock Engineering, 2010, 43 (6): 777–787. 
[21] Li J C, Ma G W, Huang X. Analysis of wave propagation through filled 
rock joint. Rock Mechanics and Rock Engineering, 2010, 43 (6): 
789–798. 
[22] Li J C, Ma G W, Zhao J. Stress wave interaction with a nonlinear and 
slippery rock joint. International Journal of Rock Mechanics and 
Mining Sciences, 2010 (in press). 
[23] Kana D D, Fox D J, Hsiung S M. Interlock/friction model for dynamic 
shear response in natural jointed rock. International Journal of Rock 
Mechanics and Mining Sciences and Geomechanics Abstracts, 1996, 
33 (4): 371–386. 
[24] Boore D M. Stochastic simulation of High-frequency ground motions 
based on seismological models of the radiated spectra. Bulletin of the 
Seismological Society of America, 1983, 73 (6): 1 865–1 894. 
[25] Shinozuka M, Deodatis G. Stochastic wave models for stationary and 
homogeneous seismic ground motion. Structural Safety, 1991, 10 (1–3): 
235–246. 
[26] Suzuki S, Hada K, Asano K. Simulation of strong ground motions 
based on recorded accelerograms and the stochastic method. Soil 
Dynamics and Earthquake Engineering, 1998, 17 (7/8): 551–556. 
[27] Meskouris K. Structural dynamics: models, methods, examples. New 
York: John Wiley and Sons, Inc., 2000. 
[28] European Committee for Standardization (CEN). Eurocode 8—design 
provisions for earthquake resistance of structures. [S. l.]: [s. n.], 1994. 
 
